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The Donnan distribution of a Keggin-type polyoxometalate (POM) anion, [SiVIVW11O40]6–, in a suspension of bleached softwood kraft pulp was stud-
ied. In addition to experimental work, computerized modelling was carried out. In suspensions of low ionic strength of potassium chloride, POM was
found to follow fairly well the predictions given by the Donnan model. In suspensions that had high potassium concentrations, POM showed behav-
iour that deviated from a typical Donnan distribution. In high potassium concentrations or when cationic polyelectrolyte was added to the suspension,
POM showed an affinity to the fibre. The possible mechanisms that cause the attraction as well as their influence on the catalyzing ability of POM are
discussed.

La distribution de Donnan de l’anion de polyoxométalate (POM) de type Keggin [SiVIVW11O40]6– dans une suspension de pâte kraft blanchie de
résineux a été étudiée. En plus des essais, nous avons effectué une modélisation par ordinateur. Dans les suspensions de chlorure de potassium à faible
force ionique, le POM s’est sensiblement conformé aux prévisions du modèle Donnan. Dans les suspensions à forte teneur en potassium, le
comportement du POM s’écartait du modèle de distribution Donnan typique. Lorsque la teneur en potassium était élevée ou lorsque du
polyélectrolyte cationique était ajouté à la suspension, le POM a montré une affinité avec la fibre. Les mécanismes pouvant causer l’attraction ainsi
que leur influence sur la capacité de catalisation du POM font l’objet de discussion.
INTRODUCTION
Recently, several papers have been pub-

lished on the possible use of polyoxometalates
(POMs) as agents in novel effluent- and chlo-
rine-free oxygen bleaching processes for chem-
ical softwood and hardwood pulps [1–10]. The
POM bleaching is based on the reaction

POMox + Lignin� POMred + Lignin* (1)

where POMox, POMred, and Lignin* represent
oxidized POM, reduced POM, and an oxidized
lignin structure, respectively. The reduced
POM is oxidized with molecular oxygen in a
subsequent reaction, after which it can further
oxidize lignin structures. Therefore, theoreti-
cally, the final degradation products of lignin in
POM bleaching are exclusively carbon dioxide
and water.

So far, POM bleaching has not been ap-
plied in the pulping industry. One reason for
this is probably that the processes presented are
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ect: a water-swollen fibre wall in an electrolyte
ound functional groups (e.g. carboxylic acids)

a negative electric charge on the fibre. This
ntration of mobile cations in the solution within
bile anions are repelled. The figure shows only
mplicity [14].
too inefficient to be economically feasible. The
inefficiency may be due to the Donnan effect,
especially when POM is used in catalytic
amounts, resulting in low ionic strength in pulp
suspensions [4–7,10].
To clarify this point, a
short introduction to
Donnan theory is pre-
sented.

The phenome-
non that today is
called the Donnan ef-
fect was studied first
by Donnan and Harris
in a system where
ionic species were
distributed unequally
on each side of a
semipermeable mem-
brane because of their
different sizes [11].
Later, the theory was
applied also to de-
scribe the distribution
of ions in suspensions
of cellulose fibres
[12,13]. In pulp sus-
pensions, the

Fig. 1. The Donnan eff
solution. When fibre-b
dissociate, they create
causes a higher conce
the fibre wall, while mo
monovalent ions for si
L. 30 NO. 1 JANUARY 2004
ionizable groups attached to fibres cause the
unequal distribution of ions (Fig. 1).

When the ion-distribution phenomena
taking place in a pulp suspension are ap-
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proached using the Donnan theory, the solution
is thought to comprise two phases; namely, the
fibre phase and the external phase [12,13]. The
fibre phase is the small volume of liquid con-
tained within the water-swollen fibre wall, and
the external phase is the larger liquid volume
surrounding the fibre. According to the theory,
the distribution of different mobile anions and
cations between the two phases is described by
a single factor, the distribution constant �:
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where H represents a hydrogen ion, M denotes a
cation and I an anion; the indices s and f denote
the external phase and the fibre phase, respec-
tively. In a more general form, we can write:
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where z expresses the absolute value of the va-
lence of the ion. It should be noted that, for an-
ions, the concentration in the fibre phase is the
denominator whereas, for cations, the denomi-
nator is the concentration in the external phase
[11,13,15].

The constant � depends on many factors.
Naturally, its value depends on the values of the
fibre and external phase volumes. These vol-
umes are affected by pH and ionic strength
[13]. The ionizable groups of the fibre dissoci-
ate at pKa values specific to their structure and
the chemical environment, leading to an in-
crease in the negative charge of the fibre as pH
increases. High concentrations of ionic species
screen some of the dissociated groups, dimin-
ishing the effect of the negative charge. Con-
sidering these facts, it can be said that, as a rule,
the highest values for � are obtained when the
ionic strength is low and the pH is high. Ac-
cording to one Donnan model [16], under these
conditions � may reach values as high as 3 or 4.

As seen in Eq. (3), the concentration of a
certain ion in the fibre phase is strongly depend-
ent on � and on the valence of the ion. For ex-
ample, for an anion that has a valence of –6, the
following equation applies:
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Equation (4) shows clearly that, when �
is large, even high external concentrations of a
strongly negative anion accompany negligible
concentrations of the same anion in the fibre.
Being anions that characteristically have a very
high negative charge, POMs may be affected
10
dramatically by the Donnan phenomenon. This
is an important point concerning the POM
bleaching processes, because POM anions need
to get into contact with lignin molecules in the
fibre wall for the oxidation reactions to take
place.

Based on the Donnan theory, models can
be developed for predicting the distribution of
ionic species in pulp suspensions under varying
conditions if certain basic data are known (e.g.
fibre properties). In addition to the model al-
ready mentioned [16], other Donnan models
have also been composed [14, 17, 18]. Since it
is strongly believed that, until now, no experi-
ments on the behaviour of POM anion in pulp
suspension have been carried out, the distribu-
tion of the [SiVIVW11O40]6– anion was investi-
gated by both Donnan modelling and
laboratory experiments.

EXPERIMENTAL
The Experimental Plan

In this work, the aim was to prove, with
simple laboratory and modelling experiments,
that the Donnan effect should be considered
when POM bleaching is performed, especially
if catalytic amounts (less than 2 mmol dm–3) of
POM are used. In the experiments, the empha-
sis was on trying to rationalize the effect that
changes in the ionic strength and the pH of the
pulp suspension, along with the fibre charge,
have on the distribution of POM. These proper-
ties were chosen as experimental variables be-
cause they are the most important factors
influencing the intensity of the Donnan effect.

Fully bleached and washed pulp was
chosen for the experiments instead of un-
bleached pulp. This was done because un-
bleached pulps are rich in dissolved compounds
and chemical structures that can make model-
ling and interpretation of the results difficult.
For the same reason, instead of the reactive oxi-
dized form of POM, the more inert reduced
form was used. When designing the experi-
ments, it was assumed that the ion distribution
phenomena taking place in a suspension con-
taining reduced POM and fully bleached pulp
are essentially the same as in the case of un-
bleached pulp and oxidized POM.

To make the results more reliable, exper-
iments using two techniques were planned. The
most important results were to be obtained by
measuring the POM concentration in filtrates of
pulp suspensions. In addition, experiments to
approximate the amount of POM sorbed by the
fibre with direct measurements were planned.
This was done to assure that the changes in the
absorbance of the filtrates are caused by sorp-
tion of POM into the pulp and are not due to, for
example, changes in the absorptivity of POM
caused by experimental conditions (e.g. high
ionic strength or low pH).

Materials
A fully bleached, never-dried softwood

kraft pulp obtained from a Finnish kraft pulp
mill was used in the experiments. Before sam-
ple preparation, the pulp was treated in the fol-
lowing way [14].
— To remove the natural cations, the pulp was
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diluted to 3% consistency and the pH was
adjusted to 1.7 with HCl. The suspension
was mixed for 20 min, dewatered and
washed several times with deionized water.
The acidification followed by washing was
repeated.

— To convert the acidic groups to the sodium
form, the hydrogen-form pulp, as prepared
above, was again set to 3% consistency, and
then adjusted to pH 10 with NaOH. The pulp
was washed with deionized water.

After the treatment, the pulp was stored
in a refrigerator (5°C) at ~20% consistency.

K6[SiVIVW11O40] � 2 H2O was used as
POM (henceforth, by the abbreviation POM,
the [SiVIVW11O40]6– anion is meant, unless
otherwise indicated). The POM was synthe-
sized in the Forest Products Laboratory in Mad-
ison, WI, USA [19]. In reduced form, the POM
absorbs strongly visible light and forms a dark
purple solution when dissolved in water. The
absorption maximum of the solution is at 496
nm.

Fibre Properties
To determine the fibre charge and the

dissociation constants of the fibre’s acidic
groups, a modification of a potentiometric titra-
tion method was used [16]. Titration was car-
ried out using the dynamic endpoint method
and a Metrohm (Herisau, Switzerland) 751
GPD Titrino autotitrator equipped with a com-
bined Ag/AgCl–pH electrode. Before titration,
the pulp fibres were converted to the acidic
form by adjusting the pH to 1.7, mixing for 20
min, washing several times, and finally
dewatering in a Büchner funnel. The pulp
(0.5 g) was suspended in 0.100 dm3 of 0.5
mol dm–3 NaCl. An amount of 10 cm3 of 0.1
mol dm–3 HCl was added and the suspension
was titrated with 0.05 mol dm–3 NaOH in 0.5
mol dm–3 NaCl under an argon atmosphere at
25°C.

The total sodium content of the pulp was
determined according to SCAN-P 83:00 [20].
A Teflon vessel, 65% HNO3, and a microwave
oven were used for dissolving the pulp. The so-
dium concentration was determined by atomic
absorption spectroscopy (AAS) using the flame
atomization technique (Varian 600, Varian Inc.,
Palo Alto, CA, USA, equipment with air–acet-
ylene flame).

To estimate the volume of fibre-bound
water, the water retention value (WRV) of the
fibre was determined by a modification of
SCAN-C 62:00 [21]. In the method used, the
WRVs were measured at a different consis-
tency, pHs and electrolyte concentrations
(9.1%, 2–7, and 0.006–1.000 mol dm–3 of KCl,
respectively) from those suggested in the stan-
dard method.

Sample Preparation
The samples were prepared in dispos-

able polyethylene vessels. All samples con-
tained 1 g of pulp (o.d.) and the total liquid
volume was always 10 cm3. The ionic strength
of the suspension was adjusted by adding KCl
and the pH was adjusted with HCl. POM was
always added as an aqueous solution (concen-
PER SCIENCE: VOL. 30 NO. 1 JANUARY 2004



TABLE I
OPERTIES USED IN MODELLING

Value

 1 (pKa1)
 2 (pKa2)

1 g
10 cm3

1.5 cm3

35 mmol kg–1*
27.3 mmol kg–1 (2.90)
7.70 mmol kg–1 (5.19)

onds to the acid group content of the fibre was
 experimentally determined sodium content

e (–) and experimental data (
) for [POM]s as a
ng potassium ion concentrations: (A) 6.00, (B)
 dm–3.
tration 10.0 mmol dm–3) right before the sam-
ples were mixed for 30 min with a mechanical
shaker. The POM concentration of the samples
was 1.00 mmol dm–3 (10 mmol kg–1 of fibre).

When cationic polyelectrolyte (Poly-
brene, Sigma-Aldrich Co., St. Louis, MO,
USA, molecular weight ~8000) was used in
sample preparation, the suspension was mixed
for 30 min with the mechanical shaker to allow
the polyelectrolyte to be distributed evenly and
adsorbed onto the fibres before adding the
POM. This was done to minimize the possibil-
ity of complex formation between POM and the
free polyelectrolyte in the solution phases of
the suspension.

Samples prepared for the determination
of [POM]s (i.e. POM concentration of the ex-
ternal phase) were filtered with suction in a
Büchner funnel after mixing. The pH of the fil-
trate was measured immediately after filtration.
The fibres, which remained in the Büchner fun-
nel, were dried to constant weight at 105°C and
weighed.

The parallel samples that were prepared
for direct determination of POM content in the
fibre, were, instead of filtering, centrifuged as
described in SCAN-C 62:00. After centrifug-
ing, the supernatant was discarded, and the pulp
pads formed on the wire mesh of the sample
holders were weighed first and then dried at
standard temperature and humidity. After opti-
cal measurements, the pulp pads were further
dried at 105°C and weighed to determine the
weight of the fibre phase.

Absorbance Measurements
The [POM]s values were determined by

measuring the absorbance spectra of the fil-
trates from 350–700 nm. Disposable polysty-
rene cuvettes were used. Because it was
suspected that the filtrates contained light-scat-
tering particles, they were filtered with a mem-
brane filter (Gelman Acrodisc, Pall Corp., East
Hills, NY, USA, with 0.2 �m GHP membrane)
before measuring the absorbance spectrum.
The spectra were measured using a Unicam
5625 UV/VIS Spectrometer, Thermo Electron
Corp., Waltham, MA, USA.

To avoid the problems caused by base-
line variation, the value of A496 nm–A650 nm was
used as a reference for POM concentration.
Values for [POM]s were determined by com-
paring the absorbance of the filtrates to a series
of absorbance values of standard samples that
contained known concentrations of POM.

When the POM content of the pulp pads
was determined, the reflectance spectra of the
pads prepared by centrifuging were measured
with an Elrepho 2000 instrument, Datacolor
Corp., Lawrenceville, NJ, USA. From the spec-
tra, the computer program of the equipment cal-
culated the colour coordinates of the CIELAB
system (L*, a* and b*). An approximation of
the POM content in the pad was obtained by
calculating the value of colour difference (	E)
for each sample and comparing it to the respec-
tive values of standard samples. As standard
samples, pulp pads that contained a known
amount of POM were used.
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Modelling
To verify whether the distribution of

POM in a pulp suspension followed the predic-
tions given by the
Donnan theory, a com-
puterized version of a
model created by
Räsänen et al. [16] was
used. The computer
program requires the
values of total liquid
volume, fibre phase
volume (e.g. WRV of
the fibre), the amount
of fibre in the suspen-
sion, fibre charge, pKa
values of the acidic
groups in the fibre, and
the total concentra-
tions of mobile ions
and acid in the sys-
tem. Based on the in-
put values, the values
of � for the system,
the pH of the fibre and
external phases, and
the concentrations of
ions in each phase are
obtained.

RESULTS AND
DISCUSSION
Fibre Properties

In the analysis
of the titration data for
the fibre, it was as-
sumed that the fibres
contained acidic
groups with two dif-
ferent dissociation
constants. When the
titration data were
compared mathemati-
cally with the theoret-
ical hydrogen ion
binding isotherm, the
content and the pKa
values of the acidic
groups in the fibre
were obtained (Table
I). The AAS analysis
supported these re-
sults; the total sodium
content of the fibre,
which had its acidic
groups in sodium
form, was 0.763
mg g–1 (33.1
mmol kg–1).

For the fibre
phase volume, a value
of 1.5 cm3 g–1 was
used. This value was
roughly the average of
the water content of
the pulp pads after
centrifuging to deter-
mine WRV. It should
be mentioned, how-
ever, that the value de-

FIBRE PR

Property

Fibre weight (o.d.)
Total liquid volume
Fibre phase volume
Total sodium content
Content of acid group
Content of acid group

* A value that corresp
used instead of the
(33.1 mmol kg–1).

Fig. 2. Theoretical curv
function of pHs at varyi
20.0 and (C) 100 mmol
L. 30 NO. 1 JANUARY 2004
termined for the pulp pads is technically not the
WRV of the pulp. The suspensions, which were
centrifuged, were prepared in a different way
11



e (–) and experimental data (
) for [POM]s as a
concentration. Note the logarithmic scale of

g, POM was assumed to have a valence of –6.
from that presented in the standard method and
contained added ionic species (H+, Na+, K+ and
Cl–). Added ionic species, as well as the pH of
the suspension, affect the amount of water re-
tained by a pulp [13]. Because of this, deter-
mining the actual value for the fibre phase
volume under different conditions is a chal-
lenging task and therefore the approximation
made for the fibre phase volume is justified.

Donnan Modelling
In Donnan modelling, the values used

for fibre properties were essentially the ones
obtained in the tests mentioned above (Table I).

In modelling, as in the empirical experi-
ments, the total POM concentration was always
kept at 1.00 mmol dm–3 (10.0 mmol kg–1 of
fibre). The sodium contained by the fibre was
assumed to be present as mobile ions in the so-
lution. Therefore, a sodium concentration of
3.5 mmol dm–3 for the suspension was used in
modelling. The concentration of potassium was
varied. The values for [POM]s given by the
model were compared with the results of the ex-
periments carried out under the same condi-
tions.

Effect of Changing pH and
Potassium Concentration
on the Distribution of POM

Samples were prepared and the model-
ling carried out at three different potassium
concentrations: 6.00, 20.0 and 100 mmol dm–3.
Because each POM anion possessed six potas-
sium counter ions and the POM concentration
of the samples was 1.00 mmol dm–3, the mini-
mum concentration for potassium was 6.00
mmol dm–3. In addition, sodium from the fibre
also was present as mobile cations in the pulp
suspension.

In experimental work, it was supposed
that the concentration of POM in the filtrate
equalled the equilibrium concentration of the
external Donnan phase, [POM]s. According to
the Donnan theory, the highest possible value
for [POM]s can be calculated by assuming that
all of the POM added to the system occupies the
external Donnan phase when the equilibrium
conditions are achieved. In our system, this cal-
culation gives:

� �POM
s

�
[POM]tot tot

s

V

V

�
�

�

�1 10

10 15

3 3

3

mmol dm cm

cm cm3.

� �118 3. mmol dm (5)

Some experimental results exceeded the
value presented in Eq. (5). This was believed to
be caused by the fact that the actual fibre phase
12

Equation 6

� �
� � �

POM
POM POM

f
tot tot

f

V

V
�

�

volume varied due to changes in pH and ionic
strength and therefore differed from the value
used (1.50 cm3). Moreover, the model used in
this paper assumed that the fibre phase had the
same volume despite changes in conditions,
which undoubtedly creates some deviation be-
tween the theoretical and experimental values.

The theoretical and experimental results
for [POM]s at different pH values and potas-
sium concentrations are presented in Fig. 2.

The theoretical curves presented are
characteristic for a Donnan model. As stated
earlier, when the pH of the suspension is greater
than the pKa values of the fibre’s acid groups,
the value of � is high. This means that the POM
anion is repelled by the negatively charged
fibre, which causes the [POM]s to rise. When
the pH is smaller than the pKa values of the acid
groups, the value of � decreases and the
Donnan effect becomes weaker. At the point
where � reaches unity, the Donnan effect no
longer exists, and the values of [POM]s and
[POM]f are equal (see Eq. 2). In our system, this
means that, according to the Donnan theory, the
smallest value for [POM]s and the highest value
of [POM]f are both equal to 1.00 mmol dm–3.

The biggest changes in the slopes of the
theoretical curves are associated with the pH re-
gion between 2 and 4, which is due to the fact
that, in modelling, the pKa value of the most
abundant acidic group was set at 2.90 (see Table
I). Moreover, the effect of ionic strength on the
value of � can be seen in the theoretical curves;
the difference between the maximum and mini-
mum values of [POM]s decreases as the ionic
strength of the suspension increases, i.e. the
Donnan effect becomes weaker due to increas-
ing electrolyte concentration. This is well in ac-
cordance with the principles of the Donnan
theory presented earlier.

In the experiments where the potassium
concentration was 6.00 and 20.0 mmol dm–3,
there is a fairly good
correlation between
experimental and the-
oretical values of
[POM]s (Fig. 2A,2B).
At low pH, the
Donnan model pre-
dicted lower values
for [POM]s than the
experimentally deter-
mined ones. The devi-
ation may be caused
at least partly by the
large size of POM
compared to simple
anions. The typical di-
ameter of a Keggin
structure is 1.1 nm
[1], which may re-
strict its ability to pen-

Fig. 3. Theoretical curv
function of potassium
the x axis. In modellin
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� mmol dm cm mmols sV
�

� ��1 10 0713 3 . dm

cm315.
etrate into the smallest pores of the cellulosic
fibre.

The Donnan effect also influenced the
distribution of POM in suspensions where the
potassium concentration was 100 mmol dm–3.
Experimental values of [POM]s follow the the-
oretical curve calculated with the model (Fig.
2C). However, all the experimental points for
[POM]s are lower than the lowest possible val-
ues predicted by the Donnan model (1.00
mmol dm–3). This indicates that increased po-
tassium concentrations may cause the distribu-
tion of POM to deviate from a typical Donnan
distribution.

The theoretical values of [POM]s pre-
sented in Fig. 2 were obtained when the valence
of the POM anion was assumed to be –6. How-
ever, due to the low charge density of the anion
and its ability to form ion pairs with alkali metal
cations [22], it is unlikely that the distribution
of the POM anion would follow ideally the
Donnan theory. Because of this, values other
than –6 also were tested for the valence. While
changing the valence improved the correlation
between certain theoretical and experimental
test points, correlation between other test points
of the same series was decreased.

Because of the deviation from the theo-
retical values (Fig. 2C), the effect of increasing
potassium concentration on the distribution of
POM was tested further in experiments where
the potassium concentration of pulp suspen-
sions was changed but the pH value was not ad-
justed with HCl. The pH of the filtrates was
between 5.7 (for highest ionic strength) and 7.0
(lowest ionic strength). The results of the exper-
iments are given in Fig. 3.

The results presented in Fig. 3 show that
the deviation between the theoretical and ex-
perimental values of [POM]s becomes larger as
the potassium concentration of the suspensions
increases. It becomes clear from the results that
APER SCIENCE: VOL. 30 NO. 1 JANUARY 2004

cm
mmol dm

3�
��

�
3

38 5
264

.
.



ationic polyelectrolyte on [POM]s in a pulp sus-
ws the calculated ratio of the positive charge
ided by the negative charge of the fibre.
the Donnan model [15] can be used to describe
the distribution of the POM anion in pulp sus-
pensions only when the potassium ion concen-
tration is low. The lowest value observed for
[POM]s was 0.71 mmol dm–3 at a potassium
ion concentration of 1.000 mol dm–3. This
value is less than three quarters of the lowest
possible value for [POM]s according to the
Donnan theory (1.00 mmol dm–3). To make the
deviation from the Donnan theory appear even
more striking, we can calculate the correspond-
ing value of [POM]f (POM concentration in the
fibre phase) at a potassium concentration of
1.000 mol dm–3 (Eq. 6).

Equation 6 shows that, at this test point,
the POM concentration in the fibre phase is
more than twice the theoretical maximum of
[POM]f. Indeed, the POM concentration ex-
ceeds the value predicted by the Donnan theory
by 1.64 mmol dm–3.

To make the experimental results more
reliable, two parallel tests were carried out at
each potassium concentration. It can be seen
that the deviation between the parallel tests was
very small for the tests run at high potassium
concentrations (Fig. 3). Furthermore, measure-
ments of the POM content in the pulp pads with
reflectance spectroscopy qualitatively sup-
ported the values of [POM]s presented in Figs.
2 and 3. Based on these facts, it is a strong feel-
ing of the authors that the Donnan effect is not
the only phenomenon that influences the distri-
bution of POM in pulp suspensions.

One possible mechanism, in addition to
the Donnan effect, that can be used to explain
the results presented in Fig. 3 is the bonding of
POM with carbohydrate molecules of the cellu-
losic fibre. When a pulp suspension has a high
ionic strength, the negative charge of the fibre is
screened by the high concentration of metal
cations. On the other hand, the negative charge
of POM is decreased by ion pairing. This prob-
ably leads to a situation where POM anions are
no longer repelled very strongly by the fibre
and may form bonds with carbohydrate mole-
cules. So far, no evidence of such bonds exists.
However, it is well known that some transition
metal oxides, e.g. molybdates and tungstates,
form bonds with hydroxyl groups of
polyhydroxycompounds, including certain car-
bohydrates [23–28].

Effect of Cationic Polyelectrolyte
on the Distribution of POM

Samples where Polybrene was sorbed
into the fibre before adding POM to the suspen-
sion were prepared to test whether the influence
of fibre charge on the distribution of POM
could be eliminated by the addition of a
cationic polyelectrolyte. Polybrene (molecular
weight ~8000) was chosen as the
polyelectrolyte because it has a molecular size
small enough to penetrate into cellulosic fibres.
For each sample, a theoretical ratio of charges
was calculated by dividing the positive charge
of the total Polybrene added by the negative
charge of the fibre in the suspension (the values
used in the calculations were specific charge of
Polybrene = 5.35 meq g–1 and fibre charge =
35.0 meq kg–1).
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Figure 4 shows
experimental [POM]s
values as a function of
the added
polyelectrolyte. Addi-
tion of Polybrene to a
pulp suspension has a
dramatic effect on the
distribution of POM;
the POM concentra-
tion in the filtrate de-
creases significantly
as the amount of
Polybrene is in-
creased. When an ex-
cess of
polyelectrolyte is
used, only a negli-
gible amount of POM
remains in the filtrate.
The results were qualitatively supported by the
experiments where the POM content of pulp
pads prepared under similar conditions was de-
termined.

In addition to Polybrene, high potassium
concentrations decrease the amount of POM in
the filtrates (Fig. 3). Although the effect is simi-
lar, the mechanisms in the two cases are proba-
bly different. To clarify the interaction between
the POM and Polybrene, aqueous solutions of
the two compounds were mixed. The experi-
ment led to an immediate formation of an insol-
uble precipitate. Therefore, it is probable that,
in a pulp suspension, Polybrene does not only
bind with the cellulosic fibre thus neutralizing
its charge, but also complexes with the POM
anion. This makes the suspension a very com-
plex system that cannot be treated with a
Donnan model. Because of this, only experi-
mental results are shown in Fig. 4.

CONCLUSIONS
Results presented in this paper show that

the Donnan effect greatly hinders the sorption
of POM into the fibre in pulp suspensions that
have low ionic strengths and near-neutral pH
values. Because of this, it is probable that the
efficiency of delignification in POM bleaching
could be increased if the process were carried
out at acidic pH and/or increased ionic strength.
Indeed, the results in this paper indicate that, in
pulp suspensions which have high potassium
concentrations, an attraction is created between
the fibre and the POM anion. The mechanism
for this attraction is unknown yet, and also un-
known is its effect on the reactivity of POM.

The cationic polyelectrolyte (Polybrene)
added to a pulp suspension increases the
amount of POM attached to the fibre. However,
since POM and Polybrene form complexes, the
Donnan theory alone cannot be applied in the
modelling of systems containing cellulosic
fibre, Polybrene and POM. Nevertheless, the
formation of complexes between these three
components may increase the amount of POM
that comes into contact with the fibre and, thus,
enhance delignification in POM bleaching.

Because of these facts, research is
needed on the effect that increased ionic
strength has on the rate of delignification in

Fig. 4. Effect of added c
pension. The x axis sho
of added Polybrene div
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POM bleaching. Furthermore, the nature of the
attractive force between POM and the fibre de-
tected in this work has to be rationalized, since
it is reasonable to assume that the catalytic
properties of POM are altered if it complexes
with carbohydrates or other components pres-
ent in pulp suspensions. It may also be argued
that POM–carbohydrate complexes might im-
pede chemical recovery after a POM bleaching
stage. However, as shown in this paper, at low
ionic strength, POM distribution follows the
Donnan theory and, because of that, washing
POM from the fibre should not be problematic.

ACKNOWLEDGEMENTS
The authors thank Mr. Richard S. Reiner

at the Forest Products Laboratory in Madison,
WI, USA for synthesizing the POM used in this
work, Mr. Hannu Revitzer at the Center for
Chemical Analysis of Helsinki University of
Technology (HUT), Espoo, Finland, for per-
forming the metal analysis and Mr. Timo
Pääkkönen at the Laboratory of Forest Products
Chemistry of HUT for his skillful laboratory
work. The financing provided by the National
Technology Agency of Finland (TEKES) and
the supporting industry is gratefully acknowl-
edged.

REFERENCES
1. WEINSTOCK, I.A., ATALLA, R.H., REINER,

R.S. , MOEN, M.A., HAMMEL, K.E. ,
HOUTMAN, C.J., HILL, C.L. and HARRUP,
M.K., “A New Environmentally Benign Technol-
ogy for Transforming Wood Pulp into Paper. En-
gineering Polyoxometalates as Catalysts for
Multiple Processes”, J. Mol. Cat. 116:59–84
(1997).

2. WEINSTOCK, I.A., ATALLA, R.H., REINER,
R.S., HOUTMAN, C.J. and HILL, C.L., “Selec-
tive Transition-Metal Catalysis of Oxygen
Delignification Using Water-Soluble Salts of
Polyoxometalate (POM) Anions. Part I. Chemi-
cal Principles and Process Concepts”,
Holzforschung 52(3):304–310 (1998).

3. WEINSTOCK, I.A., HAMMEL, K.E., MOEN,
M.A., LANDUCCI, L.L. , RALPH, S. ,
SULLIVAN, C.E. and REINER, R.S., “Selective
Transi t ion-Metal Catalysis of Oxygen
Delignification Using Water-Soluble Salts of
Polyoxometalate (POM) Anions. Part II. Reac-
tions of -[SiVW11O40]5– with Phenolic Lignin-
Model Compounds”, Holzforschung 52(3):
13



REFERENCE: RUUTTUNEN, K. and VUORINEN, T., Donnan Effect and Distribution of the
[SiVIVW11O40]6– Anion in Pulp Suspension, Journal of Pulp and Paper Science, 30(1):9–14
January 2004. Paper offered as a contribution to the Journal of Pulp and Paper Science. Not to be
reproduced without permission from the Pulp and Paper Technical Association of Canada. Manu-
script received October 16, 2002; revised manuscript approved for publication by the Review
Panel October 2, 2003.

KEYWORDS: DONNAN EQUILIBRIUM, BLEACHED PULPS, KRAFT PULPS, SOFT-
WOODS, ANIONS, POTASSIUM, SYNTHETIC POLYMERS.
311–318 (1998).
4. EVTUGUIN, D.V. and PASCOAL NETO, C.,

“New Polyoxometalate Promoted Method of Ox-
ygen Delignificat ion” , Holzforschung
51(4):338–342 (1997).

5. EVTUGUIN, D.V., PASCOAL NETO, C.,
ROCHA, J. and PEDROSA DE JESUS, J.D.,
“Oxidative Delignification in the Presence of
Molybdovanadophosphate Heteropolyanions:
Mechanism and Kinetic Studies”, Applied Catal-
ysis A: Gen.167(1):123–139 (1998).

6. EVTUGUIN, D.V., PASCOAL NETO, C. and
PEDROSA DE JESUS, J.D., “Bleaching of Kraft
Pulp by Oxygen in the Presence of
Polyoxometalates”, J. Pulp Paper Sci. 24(4):
133–139 (1998).

7. EVTUGUIN, D.V., PASCOAL NETO, C. and
ROCHA, J., “Lignin Degradation in Oxygen
Delignification Catalysed by [PMo7V5O40]8–

Polyanion. Part I. Study on Wood Lignin”,
Holzforschung 54(4):381–389 (2000).

8. EVTUGUIN, D.V., PASCOAL NETO, C.,
CARAPUÇA, H. and SOARES, J., “Lignin Deg-
radation in Oxygen Delignification Catalysed by
[PMo7V5O40]8– Polyanion. Part II. Study on
Lignin Monomeric Model Compounds” ,
Holzforschung 54(5):511–518 (2000).

9. HOUTMAN, C.J., REINER, R.S., REICHEL,
S.E., BIRCHMEIER, M.J., SULLIVAN, C.E.,
WEINSTOCK, I.A. and ATALLA, R.H.,
“Closed-Mill Delignification by Design Using
Polyoxometalates”, Proc. Intl. Environ. Conf.,
TAPPI PRESS, 2:819–829 (1999).

10. GASPAR, A., EVTUGUIN, D.V. and PASCOAL
NETO, C., “Pulp Bleaching Catalysed by
Polyoxometalates – First Pilot Scale Experi-
ence”, Proc. 7th Europ. Workshop Lignocellu-
losics Pulp, Turku, Finland, 103–106 (2002).

11. DONNAN, F.G. and HARRIS, A.B., “The Os-
motic Pressure and Conductivity of Aqueous So-
lutions of Congo-Red and Reversible Membrane
Equilibria”, J. Chem. Soc. 99:1554–1577 (1911).

12. FARRAR, J. and NEALE, S.M., “The Distribu-
tion of Ions between Cellulose and Solutions of
Electrolyte”, J. Colloid Sci. 7:186–195 (1952).

13. GRIGNON, J. and SCALLAN, A.M., “The Ef-
fect of pH and Neutral Salts upon the Swelling of
Cel lulose Gels” , J. Appl . Polym. Sci .
25:2829–2843 (1980).
H

Does your company have any
pulp and paper industry whic

These photographs should be
information in order to prepa
approximate date taken; and t

In addition, we would like to 
example, the history of the m
the equipment used in the pho
on the inside back cover of th

If you have photos which we 
Dame West, Suite 810, Montr

We can accept digital images
photo width when scanned sh
large files by e-mail; they sho
be returned.

14
14. TOWERS, M. and SCALLAN, A.M., “Pre-
dicting the Ion-Exchange of Kraft Pulps using
Donnan Theory” , J. Pulp Paper Sci .
22(9):J332–J336 (1996).

15. BEEN, J. and OLOMAN, C.W., “Electrical Con-
ductivity of Pulp Suspensions Using the Donnan
Equilibrium Theory”, J. Pulp Paper Sci.
21(3):J80–J85 (1995).

16. RÄSÄNEN, E., STENIUS, P. and TERVOLA,
P., “Model Describing Donnan Equilibrium, pH
and Complexation Equilibria in Fibre Suspen-
sions”, Nordic Pulp Paper Res. J. 16(2):130–139
(2001).

17. LINDGREN, J., WIKLUND, L. and OHMAN,
L.-O., “The Contemporary Distribution of Cat-
ions between Bleached Softwood Fibres and the
Suspension Liquid, as a Function of –log[H+],
Ionic Strength and Temperature”, Nordic Pulp
Paper Res. J. 16(1):24–32 (2001).

18. NORBERG, C., LIDÉN, J. and OHMAN, L.-O.,
“Modelling the Distribution of ‘Free’Complexed
and Precipitated Metal Ions in a Pulp Suspension
using Donnan Equilibria”, J. Pulp Paper Sci.
27(9):296–300 (2001).

19. DOMAILLE, P.J., “The 1- and 2-Dimensional
Tungsten-183 and Vanadium-51 NMR Charac-
terization of Isopolymetalates and Hetero-
polymetalates,” J. Am. Chem. Soc. 106(25):
7677–7687 (1984).

20. “Pulp, Paper and Board – Sodium and Potassium
Contents – Atomic Absorption Spectroscopy
(AAS) Using a Flame”, Test Method SCAN-P
83:00, Scandinavian Pulp, Paper and Board
Testing Comm., Stockholm, Sweden (2000).

21. “Chemical Pulp – Water Retention Value”, Test
Method SCAN-C 62:00, Scandinavian Pulp, Pa-
per and Board Testing Comm., Stockholm, Swe-
den (2000).
ISTORIC PHOTOS WANTED
for the back covers of JPPS

 historical photographs (from the 1940s or e
h they would like to share with our readers?

 in landscape format, and we would need to 
re a caption: where the photo was taken (mil
he name of the photographer (if known).

have 2 or 3 short paragraphs of general inter
ill or company, facts about the process show
to and what is used today, etc. This informa
e issue of JPPS.

may use, please send them to Glen Black at 
eal, QC Canada H3C 3X6.

 ONLY if they are of high resolution (minim
ould be scanned at least 6 1/2 inches. Please
uld be submitted on a Zip disk or CD. All p

JOURNAL OF PULP AND PA
22. GRIGORIEV, V.A., CHENG, D., HILL, C.L.
and WEINSTOCK, I.A., “Role of Alkali Metal
Cation Size in the Energy and Rate of Electron
Transfer to Solvent-Separated 1:1 [(M+)(Accep-
tor)] (M+ = Li+, Na+, K+) Ion Pairs”, J. Am.
Chem. Soc. 123(22):5292–5307 (2001).

23. BOURNE, E.J., HUTSON, D.H. and WEIGEL,
H., “Paper Ionophoresis of Sugars and Other Cy-
clic Polyhydroxy-Compounds in Molybdate So-
lution”, J. Chem. Soc. 4252–4256 (1960).

24. ANGUS, H.J.F., BOURNE, E.J. and WEIGEL,
H., “Complexes between Polyhydroxy-Com-
pounds and Inorganic Oxy-Acids. Part V.
Tungstate Complexes of Acyclic Polyhydroxy-
Compounds”, J. Chem. Soc. 21–26 (1965).

25. ANGUS, H.J.F., BRIGGS, J., SUFI, N.A. and
WEIGEL, H., “Chromatography of Polyhydroxy
Compounds on Cellulose Impregnated with
Tungstate: Determination of Pseudo-Stability
Constants of Complexes”, Carbohydr. Res.
66:25–32 (1978).

26. BRIGGS, J., CHAMBERS, I.R., FINCH, P.,
SLAIDING, I.R. and WEIGEL, H., “Thin-Layer
Chromatography on Cellulose Impregnated with
Tungstate: A Rapid Method of Resolving Mix-
tures of Some Commonly Occurring Carbohy-
drates”, Carbohydr. Res. 78:365–367 (1979).

27. CHAPELLE, S. and VERCHÈRE, J.-F.,
“Tungstate Complexes of Aldoses and Ketoses
of the Lyxo Series. Multinuclear NMR Evidence
for Chelation by One or Two Oxygen Atoms
Borne by the Side Chain of the Furanose Ring”,
Carbohydr. Res. 277:39–50 (1995).

28. RAMOS, M.L., CALDEIRA, M.M. and GIL,
V.M.S., “NMR Study of the Complexation of d-
Gulonic Acid with Tungsten(VI) and Molybde-
num(VI)”, Carbohydr. Res. 329:387–397
(2000).
arlier) of interest to the

know the following
l, company, location); the

est describing, for
n, differences between
tion would be published

PAPTAC, 740 Notre

um of 300 dpi). The
 do not send these
hotos and disks will

PER SCIENCE: VOL. 30 NO. 1 JANUARY 2004


	Donnan Effect and Distribution of the [SiV IV W11O40]6– Anion in Pulp Suspension
	K. RUUTTUNEN and T. VUORINEN
	INTRODUCTION
	EXPERIMENTAL
	The Experimental Plan
	Materials
	Fibre Properties
	Sample Preparation
	Absorbance Measurements
	Modelling

	RESULTS AND DISCUSSION
	Fibre Properties
	Donnan Modelling
	Effect of Changing pH and Potassium Concentration on the Distribution of POM
	Effect of Cationic Polyelectrolyte on the Distribution of POM

	CONCLUSIONS
	ACKNOWLEDGEMENTS
	REFERENCES
	Tables
	TABLE I --- FIBRE PROPERTIES USED IN MODELLING

	Figures
	Fig. 1. --- The Donnan effect: a water-swollen fibre wall in an electrolyte...
	Fig. 2. --- Theoretical curve (–) and experimental data (•) for [POM] s as a...
	Fig. 3. --- Theoretical curve (–) and experimental data (•) for [POM] sas a...
	Fig. 4. --- Effect of added cationic polyelectrolyte on [POM]s in a pulp suspension....


	Copyright: © 2004 Pulp and Paper Technical Association of Canada (PAPTAC). Reprinted with permission from Journal of Pulp and Paper Science, 30 (1), 9-14.


